donors, or a national panel that contemplates the specificities of the different regions of the country, in order to provide support in platelet transfusions and to minimize the risks associated with HPA alloimmunization. The evaluation of HPA data from Belo Horizonte represents the initial step toward the development of a genotyped platelet donor registry in order to treat HPA alloimmunized patients in this region.
Introduction
Platelet transfusions are administered to prevent or treat bleeding in patients with quantitative or qualitative platelet disorders. However, human platelet antigens (HPA) can induce alloantibody production after HPA-incompatible transfusion in antigen-negative individuals or due to fetomaternal incompatibility for HPA [1] . Alloantibodies against HPA are implicated in alloimmune thrombocytopenic disorders (AIT), like post-transfusion purpura or neonatal alloimmune thrombocytopenia (NAIT), and in refractoriness to platelet transfusions [1] [2] [3] [4] .
To date, the Immuno Polymorphism Database lists 35 platelet alloantigens ( www.ebi.ac.uk/ipd/hpa/ ). The frequency of these antigens varies according to ethnicity, which causes differences in the incidence of antigen specificity of anti-HPA antibodies and in the morbidity of AIT in different populations [5, 6] . In Europeans, alloantibodies are formed most commonly against HPA-1, -2, and -5. Antibodies against HPA-1a account for more than 80% of cases of NAIT in Africans and Europeans [4] . In contrast, alloimmunization to anti-HPA-4b is the predominant cause of NAIT in the Japanese population [7] .
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Summary Background: The frequency of human platelet antigens (HPA) varies according to ethnicity, which causes differences in the morbidity of alloimmune and autoimmune thrombocytopenic disorders in different populations. Studies on HPA frequencies in Brazil have reported differences among Brazilian populations produced by the diverse degrees of admixture throughout the country. Methods: In the present study, we investigated the variation of HPA distribution in Brazil, compared with worldwide populations, and describe the frequencies of HPA-1, -2, -3, -5, and -15 in a large urban center in Southern Brazil (Belo Horizonte) based on a sample of blood donors. Results: The principal component analysis and the dendrogram based on genetic distance revealed a clear relationship between Brazilian populations and the groups formed by European and African populations. The coefficients of variation for HPA allele frequencies suggest that Brazilian populations presented variations for HPA alleles comparable with the populations from continental groups. In Belo Horizonte, the allele a frequencies for HPA-1, -2, -3, -5 and -15 were 0.8575, 0.8400, 0.6225, 0.8525 and 0.5825 respectively. The genotypes with higher frequencies were a/a (72-74%), except for HPA-3 and -15, whose heterozygous a/b genotypes were shown to be more prevalent (43.5 and 44.5%, respectively). Conclusion: We confirmed the heterogeneity of HPA antigens in Brazilian populations, reinforcing the importance of HPA panels composed of regional blood HPA determination is important for the diagnosis and treatment of patients with AIT syndromes. Platelet genotyping is considered the gold standard for HPA typing and is useful when correlated with the results of antibody testing to determine alloimmunization and to measure the risk of AIT [8] .
The Brazilian population is very heterogeneous, being formed by extensive admixture between Amerindians, Africans, and Europeans [9] . Studies on HPA frequencies in Brazil have proposed the occurrence of heterogeneity across the Brazilian population produced by the different degrees of admixture throughout the country, suggesting the importance of the formation of HPA panels composed of regional blood donors [10, 11] .
In this study we present a broad comparison of HPA in worldwide populations, including data from Brazilian populations from different regions and with different ethnic backgrounds. Furthermore, we describe for the first time the frequencies of HPA-1, -2, -3, -5, and -15 in Belo Horizonte, a large urban center in Southern Brazil, based on a sample of blood donors. Belo Horizonte is the capital of the State of Minas Gerais, located in the southeast region of Brazil, and its metropolitan area (9,460 km² and approximately [17] 42-Han Chinese in Bejing, China 29-Vietnam, Kinh [18] 43-Southern Han Chinese, China 24-Ma'ohis_French Polinesia [18] 44-Japanese in Tokyo, Japan 45-Kinh in HoChiMinh City, Vietnam European 1-Argentinian Caucasian [14] 46-Utah, Northern, and Western European Ancestry 3-Austria/Styria, Caucasian [19] 47-Finnish in Finland 23-Czech Republic, Caucasian [20] 48-British in England and Scotland 25-Germany, Caucasians [21] 49-Iberian populations in Spain 26-Italy, Caucasian [22] 50-Toscani in Italy 27-Slovenian, Caucasian [23] 6-Bahia -African-descents [10] 8-Paraná -blood donors [11] 9-Paraná -blood donors -Japanese descent [11] 11-São Paulo -blood donors [15] 12-Amazonas -blood donors [25] 13-Rio Grande do Sul -platelet donors -Caucasian [26] 14-Rio Grande do Sul -platelet donors -non Caucasian [26] 15-São Paulo -platelet donors [5] 16-São Paulo -patients with hematologic malignancies [27] 17-Minas Grais -platelet donors (present study) 5 million inhabitants) is ranked as the third most populous area in Brazil. The genotype data integrated a nascent database for searching for HPA-compatible donors in order to treat HPA-alloimmunized patients in this region. These results provide an informative background of HPA polymorphisms in this highly admixed population and may be useful to support platelet transfusions, minimizing the risks associated with HPA alloimmunization.
Material and Methods
Study Population
In total, 200 volunteer platelet apheresis donors participated in the study. All individuals were male and unrelated to each other. The sample consisted exclusively of male donors because the Fundação Hemominas selects only men for apheresis platelet donations. This measure is taken to reduce the risk of TRALI since women are more likely to produce anti-HLA antibodies as a result of pregnancy. However, since it is expected that there is no difference in the frequency of HPA between men and women, we consider that this sample represents the general population. [12] , or were derived from previous studies on HPA frequencies ( tables 1 , 2 ). Only populations with results for at least HPA-1, 2, 3, and 5 and with data published in scientific studies were included in our analysis.
This study was approved by the Hemominas Ethical Committee (CAAE 43237615.7.0000.5118).
HPA Genotyping
Genomic DNA was extracted from the peripheral blood samples of platelet donors using the Biopur Kit (Mobius Life Science, Pinhais, Brazil), according to the manufacturer's instructions. Genotyping for HPA-1 (rs 5918), -2 (rs6065), -3 (rs5911), -5 (rs1801106), and -15 (rs10455097) used 1× TaqMan TM SNP genotyping assay (Applied Biosystems, Foster City, CA, USA), 1× TaqMan TM Genotyping Master Mix (Applied Biosystems), and 100 ng DNA. Each pre-designed TaqMan TM SNP genotyping assay (C___818008_30, C__11442703_10, C___3017440_10, C__27862812_10 and C___3226894_10 for HPA-1, -2, -3, -5, and 15, respectively) contained VIC and FAM dye-labeled probes for the alleles a and b and two target-specific primers. HPA-1, -2, -3, -5, and 15 were selected among the more than 30 known HPA due to their relevance in transfusion medicine. All reactions were performed on a real-time PCR system model ABI 7500 Fast (Applied Biosystems) under the following conditions: a pre-amplifi- 391 cation step of 60 ° C for 30 min and 95 ° C for 10 min, followed by 40 cycles at 95 ° C for 15 s and 64 ° C for 1 min, and a post-amplification step of 60 ° C for 30 s. We successfully constructed positive controls for use in the reactions, containing the specific SNP of each allele in four different fragment sequences (gBlocks TM Gene Fragments; Integrated DNA Technologies, Skokie, IL, USA): HPA-1a-2a; HPA-1b-2b, HPA-3a-5a-15b, and HPA-3b-5b-15a. The analysis was performed using the Allelic Discrimination Plot.
Statistical Analysis
The HPA genotype and allele frequencies were compared according to ABO and Rh blood group systems by chi square or Fisher's exact test using the GraphPad Prism 5 software package (GraphPad Software, San Diego, CA, USA). Tests of Hardy-Weinberg equilibrium were performed for each HPA comparing expected and observed genotype frequencies by Fisher's exact test. Differences were considered significant when p values were <0.05.
Principal component analysis (PCA) based on the HPA-1, -2, -3, -5, and -15 allele frequencies was performed by using the ClustVis web tool [28] to analyze the relationship between Belo Horizonte blood donors, individuals from other Brazilian regions, and the worldwide populations. Table 1 shows the populations used in this analysis.
Genetic distances based on the HPA alleles were used to construct a dendrogram using the neighbor-joining method implemented in the PHYLIP software package [29, 30] to summarize the affinities between the Brazilian and other populations. The tree was drawn with the FIGTREE program ( http://tree.bio. ed.ac.uk/software/figtree/ ). The worldwide populations used in this analysis belong to 1000 Genomes projects, and the Brazilian populations were derived from previous studies, with the exception of Belo Horizonte ( table 1 ) . Populations from the 1000 Genomes project were selected because this dataset provides a reliable source of information about human genetic variation generated based on whole genome sequencing data from more than 2,500 individuals across 26 populations from five continental groups [12] .
The coefficient of variation (CV) of HPA allele a frequencies was calculated as the ratio of the standard deviation to the mean for the five continental population groups characterized as part of the 1000 Genomes Project and for the Brazilian populations.
Comparisons of HPA allele count between different Brazilian groups were assessed by the chi square test using the OpenEpi tool ( www.openepi.com/RbyC/ RbyC.htm ). A p value < 0.05 was considered a statistically significant difference.
Results
HPA genotyping was performed in 200 male platelet apheresis donors with mean blood donations of 21 (range 2-139) and a mean age of 38 years(rang 19-61 years). Their allele and genotype frequencies are shown in table 3 . The allele frequencies of all analyzed HPA systems were in Hardy-Weinberg equilibrium (p > 0.05). The genotypes with higher frequencies were a/a (72-74%), except for HPA-3 and -15, whose heterozygous a/b genotypes were shown to be more prevalent (43.5% and 44.5%, respectively). The most common genotype was HPA-1a/a (74%), followed by HPA-5a/a (72.5%) and HPA-2a/a (72%), whereas the most uncommon was HPA-5b/b (2%), followed by HPA-1b/b (2.5%).
We also analyzed the frequency of HPA genotyping according to ABO and Rh blood systems. The most frequent blood group in We identified 67 different HPA combinations, 31 of which occurred in only one individual, evidencing the diversity of allelic combinations. The most frequent was HPA-1aa/-2aa/-3ab/-5aa/ -15ab (17/200, 8.5%). 20 (10%) donors were homozygous a/a for HPA-1, -2, -3, -5, and heterozygous a/b (n = 13) or homozygous b/b (n = 7) for HPA-15. In addition, 13 (6.5%) platelet donors were b-negative (homozygous a/a) for all HPA analyzed. As expected, individuals simultaneously heterozygous a/b or homozygous b/b for all HPA were not found. We also identified 13 individuals carrying rare allele combinations: HPA-3bb/15bb (3.5%), HPA2bb/15bb (2.5%), and HPA-3bb/5bb (0.5%). Other combinations of homozygous b/b were not found. Four (2%) donors (O+: 2; A+: 1; B+: 1) had the genotypic pattern HPA-1a/5b-negative (HPA1bb/5aa), which is the most compatible profile to treat neonatal alloimmune thrombocytopenia.
A PCA was performed ( fig. 1 ) based on the HPA-1, -2, -3, -5, and -15 allele frequencies using the ClustVis web tool and considering the populations listed in table 1 . To facilitate the analysis, we labeled the populations as follows: African, European, East Asia, South Asia, and Amerindian according to the geographic or ethnic origin (when the original study described the population as belonging to a particular ethnic group). Brazilian populations were labeled 'Brazil,' with the exception of Native American populations, which were labeled 'Amerindians.' PCA showed that the first two principal components accounted for 69.1% of the variability (39% along axis 1 and 30.1% along axis 2), and revealed a clear relationship between diversity pattern of HPA and geographical/ethnic origin ( fig. 1 ) . In this analysis, the Brazilian populations were distributed heterogeneously, mainly between the groups formed by European and African populations. To evaluate the variation in HPA allelic frequencies in Brazil in comparison with other groups, we calculated the CV of HPA allele a frequencies for the Brazilian populations and for the populations that integrated each of the five continental groups from the 1000 Genomes Project. In the case of Brazilian populations, the CV was calculated considering all populations that originated from Brazil (populations 5 to 17, table 1 ), and considering exclusively the predominantly admixed populations characteristic of the different Brazilian regions (populations 8, 11, 12, 15, 16, and 17, table 1 ) . The CV calculated for populations from continental groups ranged from 0.01 to 0.04 for HPA-1, 0.01 to 0.05 for HPA-2, 0.04 to 0.09 for HPA-3, 0.02 to 0.10 for HPA-5, and 0.04 to 0.17 for HPA-15 ( table 5 ) . In general, the CVs of Brazilian populations were within the range of CVs observed for the world's populations.
Comparison of HPA alleles between Brazilian populations was assessed by a global chi square test. Statistically significant differ- HPA-1, -2, -3, -5 , and 15 when all Brazilian populations were considered (p < 0.01). However, when only predominantly admixed Brazilian groups were included in this analysis, a significant difference was observed only for HPA-5 and -15 (p = 0.004 and 0.019, respectively).
The heterogeneity in the HPA allelic frequency observed among distinct Brazilian populations, as reported in previous studies, was confirmed and expanded by these analyses, with the simultaneous inclusion of populations living in almost all Brazilian geographic regions: north, northeast, south, and southeast. Only the centerwest region was not included due to the absence of data.
A dendrogram was constructed using a genetic distance matrix combining HPA-1, -2, -3, and, -5 loci ( fig. 2 ) . In this dendrogram, only data from Brazil or the 1000 Genomes project were included in order to provide a more clear and informative tree. HPA 15 was not included in this analysis due to the large number of missing data for Brazilian populations. In this dendrogram, the majority of Brazilian admixed populations, including blood donors from Belo Horizonte, were included in a branch that contained African populations.
Discussion
Several studies have reported the distributions of HPA polymorphisms in worldwide populations, showing the existence of great variation among different ethnic and geographic groups. The Brazilian population is highly heterogeneous and admixed, presenting important differences in genomic ancestry among regions [9, 31] . Studies carried out in Brazilian populations have demonstrated the existence of significant differences in the distribution of HPA antigens throughout the Brazilian territory [10, 25] , which could generate regional differences in the risk of HPA alloimmunization and its consequences. In the present study, we investigated the variation of HPA frequencies in different Brazilian populations, compared with other world populations.
PCAs, performed with the HPA-1, -2, -3, -5, and -15 allele frequencies showed that, worldwide, populations from the same ethnic or geographic region tended to group together, revealing, as expected, affinity for the platelet antigen profile. Only the populations labeled as Amerindians (populations 2, 7, 10, 37, 38, 39, and 40) did not form a reasonably well-defined cluster. This result can be explained by the existence of marked differences in the frequency of platelet antigens among Amerindian populations, which have been attributed to the enormous amounts of genetic drift present in many South American native groups that has generated exceptional allele frequency variation [32, 33] .
In PCA, Brazilian populations were distributed heterogeneously among European and African populations. This pattern is in agreement with historical records of the Brazilian colonization, corroborated by genetic studies. The Brazilian population originated from three main ancestral contributions: African, European, and Native American. However, their genetic ancestry varies greatly among the different Brazilian regions, with the largest African ancestry in northeastern areas, predominant European ancestry in the southeastern and southern areas, and a larger influence of the Amerindian root in northern Brazil. Additionally, a great variation in individual admixture has been observed in Brazil [9, 31] . Blood donors from Belo Horizonte were consistently grouped with other Brazilian populations, reflecting the ancestry observed in blood donors from Minas Gerais, previously estimated as 33.8% African, 57.7% European, and 3.5% Amerindian [34] .
The PCA ( fig. 1 ) and the dendrogram constructed using a genetic distance matrix combining HPA loci ( fig. 2 ) also revealed a very close relationship between some Brazilian groups and worldwide populations, such as population 13 [26] and the European populations, and population 9 [11] and East Asian populations. However, it is important to note that these are not natural populations but rather groups of individuals selected by ethnic-racial criteria and described as 'Caucasians' (population 13) or 'Japanese descendants' (population 9).
To analyze the heterogeneity of HPA distribution in Brazil, we compared the CVs for HPA allele frequencies for populations from the five continental groups that were part of the 1000 Genomes Project and for Brazilian populations. The comparison indicates that, in general, Brazilian populations presented variation for HPA alleles comparable to the populations from continental groups. This occurred even when only admixed Brazilian populations were considered, although, in this case, the CVs were smaller ( table 5 ) . These results suggest that the frequencies of HPA observed in the different Brazilian populations may be as variable as those observed between the different countries of a continent. On the other hand, attention must be paid to the inclusion of artificially selected groups based on ethnic characteristics in this analysis to avoid overestimating the heterogeneity of HPA distribution. This observation was corroborated by the global chi square test performed for the distribution of HPA alleles in Brazilian populations.
The development of a panel of HPA-genotyped donors is important to enable the matched platelet selection for transfusions [35] . In a multiethnic country like Brazil, characterized by marked regional differences throughout the territory, it is important to study different populations regarding the distribution of platelet antigens to access regional differences and to detect the need for the establishment of panels composed of regional blood donors.
In countries with multi-ethnic and admixed populations, the risk of HPA alloimmunization may be higher than that observed in more homogeneous populations [36, 37] . This may occur due to a greater mismatch probability caused by the chance of ethnic differences between donors/patient (increasing the risk of alloimmunization by transfusion) and mothers/fathers (increasing the risk of NAIT). This information indicates the need of further studies on the incidence of NAIT and other alloimmune thrombocytopenic disorders in populations of South America, where these conditions seems to be underestimated [38] . This is the first report on the HPA allele frequencies in Belo Horizonte and represents the initial step toward the development of a genotyped platelet donor registry in order to treat HPA-alloimmunized patients in this region. We found a frequency of 0.1425 for the allele HPA-1b in Belo Horizonte ( table 3 ). Considering that the blood donors represent the general population reasonably well and assuming that the population is in Hardy-Weinberg equilibrium, the frequency of HPA-1a-negative individuals is estimated to be 2.03%. This relatively high frequency of HPA-1a-negative individuals highlight the risk of NAIT in this region, since antibodies against HPA-1a account for more than 80% of cases of this clinical condition in Africans and Europeans [4] . At the same time, HPA1a/5b-negative platelet donors were identified (2%) and are potential compatible donors of platelets for the treatment of NAIT, since transfusion with platelet concentrates with this haplotype are effective in the treatment of over 95% of cases of NAIT caused by maternal HPA antibodies [39, 40] .
Considering that several donor characteristics, in addition to HPA frequencies, are relevant for the establishment of panels effective in meeting the transfusion needs [41] and that the incidence of alloimmune thrombocytopenic disorders in our populations is unknown, future studies to estimate the number of genotyped donors necessary to establish an appropriate platelet donor panel in Belo Horizonte are important.
In conclusion, we confirmed the heterogeneity of HPA antigens in Brazilian populations, reinforcing the importance of HPA panels composed of regional blood donors, or a national panel that contemplates the specificities of the different regions of the country, in order to provide support in platelet transfusions and minimize the risks associated with HPA alloimmunization.
